Bacterial single stranded (ss) DNA-binding proteins (SSB) are essential for the replication and maintenance of the genome. SSBs share a conserved ssDNA-binding domain, a less conserved intrinsically disordered linker (IDL) and a highly conserved C-terminal peptide (CTP) motif that mediates a wide array of protein-protein interactions with DNA-metabolizing proteins. Here we show that the E. coli SSB protein forms liquid-liquid phase separated condensates in cellular-like conditions through multifaceted interactions involving all structural regions of the protein. SSB, ssDNA and SSBinteracting molecules are highly concentrated within the condensates, whereas phase separation is overall regulated by the stoichiometry of SSB and ssDNA. Together with recent results on subcellular SSB localization patterns, our results point to a conserved mechanism by which bacterial cells store a pool of SSB and SSB-interacting proteins. Dynamic phase separation enables rapid mobilization of this protein pool to protect exposed ssDNA and repair genomic loci affected by DNA damage.
INTRODUCTION
Single-stranded DNA-binding proteins (SSB) are essential, ubiquitous and abundant proteins that are involved in all aspects of genome maintenance in all kingdoms of life (Shereda et al., 2008) . Prokaryotes possess a structurally well conserved SSB protein which forms nucleoprotein filaments with single-stranded (ss) DNA to protect it from reannealing and harmful chemical alterations (Antony and Lohman, 2019; Shereda et al., 2008) . In addition, SSBs recruit essential DNA metabolic enzymes to sites of action via protein-protein interactions (Shereda et al., 2008) . In E. coli and most bacteria, SSBs function as homotetramers, but dimeric SSBs are also known (Shereda et al., 2008) . Regardless of quaternary structure, functional units of SSBs contain 4 OB folds that assemble into a conserved 3D structure. Importantly, the vast majority of bacteria encode at least one SSB variant in which the OB fold is followed by a "tail" region which can be subdivided to the intrinsically disordered linker (IDL) and C-terminal peptide regions (CTP, C-terminal nine amino acids) ( Fig. 1A ) (Bianco, 2017; Raghunathan et al., 1997; Savvides et al., 2004) . The IDL of SSB is one of the few known protein regions with a universally conserved propensity for structural disorder (Pancsa and Tompa, 2016) ; however, its length and amino acid composition are not conserved (Bianco, 2017; Paradžik et al., 2017) . In contrast, the sequence of the CTP is highly conserved among bacteria and it mediates essential interactions with at least 18 proteins involved in nucleic acid metabolism (Antony and Lohman, 2019; Shereda et al., 2008) . Accordingly, CTP mutations weakening protein-protein interactions are lethal (Antony et al., 2013) . The CTP of E. coli SSB is also known to interact with the OB fold, possibly within the tetramer or between adjacent SSB tetramers (Kozlov et al., 2010; Shishmarev et al., 2014; Su et al., 2014) .
In the past few years, many eukaryotic and viral proteins were shown to form dynamic liquid condensates termed as membrane-less organelles that fulfil crucial functions in normal cellular physiology as well as stress tolerance Banani et al., 2017; Shin and Brangwynne, 2017) . Such condensates include, among others, the nucleolus, stress granules, P-bodies, neuronal granules, post-synaptic densities, the heterochromatin and super enhancers (Banani et al., 2017) . These entities form via liquid-liquid phase separation (LLPS) that is usually driven by multivalent weak protein-protein or protein-nucleic acid interactions, mostly mediated by intrinsically disordered regions (IDRs) of proteins (Shin and Brangwynne, 2017) . The proteins driving phase separation and their specific interaction partners are highly concentrated in the resulting condensates, while the contents of the condensates can also undergo dynamic exchange with the surroundings through the phase boundary (Banani et al., 2016; Shin and Brangwynne, 2017) . Such phase-separated protein condensates provide diverse functional advantages for cells. For instance, they can serve as activators of reactions due to the high local concentrations of components, as biomolecular filters due to their selectivity, as stress sensors due to their responsiveness and as reservoirs due to their ability to store macromolecules in an inactive, condensed state Pancsa et al., 2019a) . Accordingly, mutations affecting the phase separation propensity of proteins are often linked to neurodegeneration and other pathological conditions (Alberti and Dormann, 2019) . Whereas LLPS seems to be a heavily exploited process in eukaryotes and viruses (Heinrich et al., 2018; Nikolic et al., 2017 Nikolic et al., , 2018 Zhou et al., 2019) , up until today only a few bacterial proteins were reported to undergo LLPS. These include Caulobacter crescentus Ribonuclease E (RNase E) that orchestrates RNA degradosomes (Al-Husini et al., 2018) , Escherichia coli (E. coli) FtsZ that forms the division ring during cell divisions (Monterroso et al., 2019) and Mycobacterium tuberculosis Rv1747 that is a membrane transporter of cell wall biosynthesis intermediates (Heinkel et al., 2019) . All in all, the hitherto accumulated observations imply that LLPS is a fundamental mechanism for the effective spatiotemporal organization of cellular space, with emerging but hardly explored functions in bacteria.
LLPS is typically driven by multivalent weak interactions, which ensure the dynamic, liquidlike properties of the resulting condensates. Diverse protein sequence compositional features, structural modules, overall architectural properties and modes of protein-protein interactions are known to favor multivalent weak interactions and thus to promote LLPS. Disordered regions of low sequence complexity, prion-like regions, repeated short linear motifs and their cognate binding domains, nucleic acid-binding domains and oligomerization domains can all be hallmarks of LLPS propensity based on the properties of the hitherto described cases (Mittag and Parker, 2018) .
The modular architecture of SSB, its ability to homooligomerize and to interact with multiple binding partners, its weakly conserved but compositionally biased IDL region, its conserved short linear CTP motif and central integrator role in genome maintenance processes all prompted us to raise the hypothesis that SSB drives the formation of liquid condensates through LLPS. Here we show that SSB is indeed capable of LLPS among physiological conditions, mediated via multifaceted intertetramer interactions involving all SSB protein regions. SSB, ssDNA and SSB-interacting partners are highly concentrated within the phase-separated droplets, whereas LLPS is overall regulated by the stoichiometry of SSB and ssDNA. Our bioinformatics analysis indicates that the LLPS-forming propensity of the SSB IDL is broadly conserved across all major phylogenetic groups of Eubacteria. Together with the recently observed dynamic spot-like subcellular localization patterns of SSB (Zhao et al., 2019) , our results suggest that bacterial cells store an abundant pool of SSB and SSBinteracting proteins in phase-separated condensates via a conserved mechanism. The discovered features enable rapid mobilization of SSB to ssDNA regions exposed upon DNA damage or metabolic processes to serve efficient repair, replication and recombination. slower in the droplets than it would in water, and thus the apparent dynamic viscosity within the droplets (5000 mPas) is in the range of that of honey (about 3.6 times that of glycerol).
SSB drives LLPS at cellular concentrations
Next we investigated the effect of protein concentration on droplet formation (Fig. 3A) in the presence and absence of 150 mg/ml bovine serum albumin (BSA) used as a molecular crowder to simulate the cellular total protein concentration in E. coli (Kuznetsova et al., 2014) . In both conditions, droplets were detected even at as low as 0.5 µM total SSB concentration; however, at low SSB concentrations the apparent diameters of SSB droplets were much smaller ( Fig. 3B, S3A-B ) and they rapidly diffused in the solution. The median of the apparent diameter of droplets was dependent on SSB concentration with a steep increase in the 3 to 4 µM concentration range and remained constant above 4 µM independently of the presence of BSA (Fig. 3B) . SSB concentrationdependent turbidity measurements also confirmed phase separation by SSB in the 0.5 -30 µM SSB concentration regime in all conditions except for 200 mM NaCl (Fig. 3C) . There are approximately 2000 SSB tetramers present in E. coli cells (Schmidt et al., 2016) , which results in about 5 µM intracellular SSB concentration, taking into account the average E. coli cell volume (0.65 µm 3 ). Thus, our results suggest that SSB droplet formation can occur in cells even without the inducing effect of molecular crowding, with droplet sizes being limited by the amount of SSB within the cell. The findings that droplet frequency and size show a marked increase around the physiological SSB concentration ( Fig. 3A-B ) are suggestive of the possibility that the LLPS propensity of SSB has been evolutionarily shaped by physiological demands.
Measurements using various concentrations of bovine serum albumin (BSA) or polyethylene glycol (PEG20000; a 20-000-Da polymer that is routinely used as a synthetic molecular crowding agent) showed that droplet characteristics are influenced by different crowders (Fig. S4) . Whereas BSA does not influence droplet size distribution, at high polyethylene glycol concentrations the mixing of SSB with labeled SSB is affected and thus non-homogeneous fluorescence distributions and lowered fluorescence intensities were observed in fluorescence microscopic experiments ( Fig. S4A-F) . On the contrary, in DIC experiments, BSA and PEG conditions were indistinguishable ( Fig. S4A-B) . Accordingly, both BSA and PEG altered the turbidity of solutions in a similar fashion ( Fig. S4G-H) and reduced droplet fusion rates ( Fig. S4I-J) . PEG reduced the diffusion coefficient of labeled SSB in FRAP experiments by 3.9-fold ( Fig. S4K-M) , in line with the altered mixing properties observed in fluorescence experiments ( Fig. S4F) .
To calculate the concentration of SSB in the droplets, we separated the condensed fractions of samples of various SSB concentrations using centrifugation, and then determined the protein concentration from the supernatants and back-diluted pellets (resuspended in 1 M NaCl to starting volume) ( Fig. 3D) . The fraction of SSB molecules localized to the condensed phase remained constant over the investigated SSB concentration regime (5-30 µM) with an average of 95 ± 3 % of SSBs located in the condensed phase ( Fig. 3E) . Next, we estimated the volume fractionation of droplets and surroundings using 3-D images reconstructed from z-stack images prepared using a spinning disc microscope for samples of the same total SSB concentration as those used in the centrifugation experiments (SSB was mixed with fluorescently-labeled SSB in these experiments) ( Fig. 3F) . Based on the total SSB concentration, the fraction of droplet volume within the sample, and the fraction of SSB molecules localized to the droplets, SSB concentration within droplets was calculated to be 3.9 ± 0.3 mM on average, independent of total SSB concentration ( Fig. 3G) . Based on the Stokes radius of SSB, the water content of SSB droplets is calculated to be around 46 ± 4 v/v%, which is markedly lower than that of the cytoplasm (~70 v/v%).
Multivalent interactions between SSB IDL regions are required for LLPS, whereas interactions between the CTP and the OB fold enhance LLPS propensity
Previous studies suggested that the IDLs of adjacent SSB molecules can interact with each other to enhance the cooperativity of ssDNA binding, while the IDL was also proposed to interact with the OB fold Kozlov et al., 2015 Kozlov et al., , 2017 . Moreover, the central role played by similar low-sequence-complexity, Gln/Gly/Pro-rich IDRs in previously investigated LLPS systems (Bakthavachalu et al., 2018; Mannen et al., 2016; Milovanovic et al., 2018; Sabari et al., 2018) as well as the predicted LLPS propensities suggest a role for the IDL in SSB LLPS ( Fig. 1B-D) . To test how the different structural modules of SSB contribute to LLPS, we purified an SSB variant lacking the C-terminal peptide (SSBdC, comprising amino acids (aa) 1-170) and a variant that also lacks the IDL (SSBdIDL, aa 1-113) ( Fig. 4A, Fig. S5 ). Both constructs were previously shown to be able to bind ssDNA (Kozlov et al., 2015) . Strikingly, in contrast to SSB, SSBdC only forms droplets in the presence of 150 mg/ml BSA, whereas SSBdIDL forms amorphous non-spherical aggregates even in the presence of BSA, as assessed by DIC microscopy (Fig. 4B) . In fluorescence experiments, 30 µM SSBdC formed droplets with 0.3 µM fluorescently-labeled SSB both in the presence and absence of BSA ( Fig. 4C) , whereas the formation of SSBdC (30 µM) droplets with 0.3 µM fluorescently-labeled SSBdC was only observed in the presence of BSA (Fig. 4D) . However, 0.3 µM fluorescently-labeled SSBdC formed droplets with 30 µM SSB even in the absence of BSA (Fig. 4D) . SSBdIDL was unable to form droplets in any investigated condition, and the aggregated structures had a faint appearance ( Fig. 4B-D) . Interestingly, mixing of 30 µM SSBdC with fluorescently-labeled 79mer homo-deoxythymidine (dT) ssDNA (Cy3-dT 79) resulted in droplet formation both in the presence and absence of BSA, whereas experiments using SSBdIDL showed amorphous aggregates ( Fig. 4E) . Turbidity measurements also support that, in the absence of ssDNA, SSBdC only forms droplets in the presence of BSA ( Fig. 4F) .
To test the role of the SSB OB fold in LLPS, we generated two chimeric proteins. We fused the IDL plus CTP regions of SSB C-terminally to monomeric enhanced green fluorescent protein (eGFP) ( Fig. S6A-B ). We also generated an eGFP fusion variant wherein a short flexible (Gly-Gly-Ser)4 linker connected the CTP to eGFP instead of the IDL (Fig. S6A-B ). Neither of these constructs (including eGFP alone) was able to preferentially partition into SSB droplets regardless the presence of BSA ( Fig.  S6C-E) . However, when using PEG, the eGFP fusion proteins, but not eGFP alone, were able to enrich in SSB droplets with similar efficiency ( Fig. S6C-E ) and showed similar diffusion characteristics to those of SSB in the absence of PEG ( Fig. S6F-H) . This finding indicates that under PEG-induced crowding conditions the interaction between the eGFP-fused CTP and SSB's OB fold enables the partitioning of eGFP into phase-separated SSB droplets, with the IDL having no apparent effect. Taken together, the above results highlight that all structural modules of SSB contribute to efficient phase separation. The tetramerization of OB folds brings about multivalency and enhances the local concentration of IDL regions, whereas weak IDL-IDL (and/or IDL-OB fold) interactions drive LLPS and bring about the liquid nature of the condensates (similarly to the IDRs of eukaryotic LLPS driver proteins), while the specific CTP-OB fold interaction enhances this LLPS propensity ( Fig. 4G) .
ssDNA binding to SSB inhibits phase separation due to competition between ssDNA and CTP binding to the OB fold
A major cellular function of SSB is to cover ssDNA. Accordingly, we observed that fluorescentlylabeled ssDNA (Cy3-dT79) is enriched in SSB droplets compared to the surroundings (Fig. 4B, Fig. 5A ). We also found that ssDNA can diffuse within the droplets 2.3 ± 0.5 times faster than SSB, possibly due to its rapid dynamic interaction with adjacent SSB tetramers ( Fig. S7A-C) (Kozlov and Lohman, 2002) . Intriguingly, a labeled ssRNA molecule behaved similarly under these conditions ( Fig. 5A) . SSB was earlier shown to bind ssRNA (Meyer and Laine, 1990; Molineux et al., 1975) . Although the interaction of SSB with ssRNA is weaker than that with ssDNA ( Fig. S7D-E) , this interaction is sufficient to drive RNA enrichment in SSB droplets due to the high concentration of SSB in this phase ( Fig. 3G, Fig. 5A ), raising the possibility of a yet undiscovered role for SSB in RNA metabolism.
In the above experiments, substoichiometric amounts of ssDNA (or ssRNA) over SSB DNA binding sites were used. Therefore, we also examined the effect of higher DNA concentrations on SSB-driven LLPS. Strikingly, droplets disappeared with increasing concentrations of unlabeled dT79 ( Fig. 5B, Supplementary Video 2-3 ) or poly-dT (homo-deoxythymidine ssDNA with average length 600-1000 nt), regardless of the presence of BSA or PEG ( Fig. S7F-G) . The apparent diameter of droplets was not influenced by the presence of ssDNA either in the absence or the presence of BSA ( Fig. 5C, Fig. S7H-K) . However, the number of detected droplets decreased with increasing ssDNA concentration in all studied conditions ( Fig. 5B, Fig. S7F-G ) along with the measured turbidity of the samples (Fig. 5D, Fig. S8 ). Strikingly, in the presence of PEG, a shallower ssDNA dependence of turbidity was detected compared to other conditions, indicating a decreased sensitivity of droplet formation to ssDNA ( Fig. S8D) .
SSB can bind ssDNA in two major binding modes that can reversibly interconvert (Antony and Lohman, 2019; ). Therefore, we tested how biding modes affect droplet formation. At low ionic strengths and high SSB:ssDNA concentration ratios, the binding mode equilibrium is shifted towards the so-called 35-nt mode in which on average two monomers of the SSB tetramer bind ssDNA with an apparent binding site size of 35 nt (Antony and Lohman, 2019; . High ionic strengths and low SSB:ssDNA concentration ratios favor the 65-nt binding mode in which ssDNA is wrapped around all four SSB tetramers (Antony and Lohman, 2019; . The analysis of ssDNA-dependent turbidity curves revealed that in all conditions, except for PEG, turbidity linearly decreases with ssDNA concentration (as expected for a stoichiometric binding reaction; Fig. 5D, Fig. S8A -C, Table S4 ) until the point at which all SSB molecules become ssDNA-bound and therefore droplet formation is completely inhibited, regardless of the binding mode ( Fig. 5D, Fig. S8 ). Previous studies using nuclear magnetic resonance (NMR) spectroscopy showed that the CTP binds to the same region on the OB fold as does ssDNA and it was suggested that the IDL, and especially the CTP, influence ssDNA binding (Antony and Lohman, 2019; Bianco, 2017; Kozlov et al., 2010) . In line with these observations, we found that when SSB is bound to ssDNA, the binding of the isolated CTP peptide to SSB was significantly weaker than that for DNA-free SSB (Fig. 5E ). This observation, together with the LLPS-promoting effect of the CTP (Fig. 4, S6) , suggests that droplet formation is regulated by the competition between the CTP and ssDNA for the OB fold ( Fig. 5F) .
Even weak interaction partners of SSB enrich in phase-separated SSB condensates
The above results demonstrated that specific interactions with SSB allow enrichment of interactors in SSB droplets. Thus, we tested how the interaction strength and the molecular size of interactors influence their ability to partition into phase-separated SSB condensates ( Fig. 6A-B, Fig. S9A ). E. coli RecQ helicase, a 67-kDa protein that was shown to interact with SSB dominantly via the CTP (Mills et al., 2017; Shereda et al., 2007) , readily enriches in SSB droplets ( Fig. 6A,C,D) . Interestingly, RecQ point mutants with a markedly weakened affinity to the CTP (Shereda et al., 2009 ) also enrich in the droplets with similar efficiency (Fig. 6A ,C,D, Table S5 ). In contrast, BLM helicase (a human RecQ homolog) and eGFP are both unable to enrich in SSB droplets ( Fig. 6A ,C,D, Table S5 ), highlighting that specific interactions with SSB are required for proteins to partition into SSB condensates. Probably due to the high SSB concentration within the droplets (Fig. 3G) , even weak interactions (K d in the range of tens of µM) appear to be sufficient for enrichment in the SSB condensates. In line with this proposition, the isolated SSB CTP peptide became enriched in the droplets, but a control peptide that does not interact with SSB was not enriched ( Fig. 6B-C Table S5 ). In addition, small molecules, such as deoxycytidine triphosphate (dCTP) or fluorescein, are slightly enriched in droplets, but not as effectively as SSB interactors, indicating that small molecules are able to enter the separated phase and the droplet environment has a slight concentrating effect ( Fig. 6B-C) . As expected for interactors, both RecQ and the isolated CTP peptide can diffuse within the droplets and their rate of diffusion is apparently dictated by their size (Fig. S9B-D) .
Bioinformatics analysis indicates conservation of LLPS propensity in human SSB homologs
Besides Replication Protein A, the long-known main eukaryotic ssDNA-binding protein, recent studies identified human SSB homologs hSSB1/SOSB1 and hSSB2/SOSB2 that are similar in size to bacterial SSBs and similarly possess C-terminal IDL regions (Ashton et al., 2013; Lawson et al., 2019) . Using the bioinformatics tools applied in Fig. 1B-D, we assessed if the LLPS propensity of bacterial SSB proteins is conserved in these human homologs. The algorithms indicated similar degrees of LLPS propensity for the IDL regions of both human proteins to that for E. coli SSB, indicating a potential role for LLPS in eukaryotic DNA metabolic processes ( Fig. S10) .
DISCUSSION
Taken together, here we show that E. coli SSB undergoes LLPS and forms viscous, liquid-state protein droplets under physiologically relevant ionic conditions and protein concentrations, both in the presence and absence of molecular crowders. Efficient phase separation requires all structural modules of SSB and is regulated by the specific interaction between the CTP and the OB fold as well as the stoichiometry of available SSB and ssDNA. Saturation of SSB binding sites by ssDNA, independent of SSB's DNA-binding mode, prevents LLPS because ssDNA and the CTP compete for the same binding site on the OB folds. We also observed an LLPS inhibitory effect specifically for Clions, which were shown to be able to interact with the OB fold, likely through lysine side chains that were previously shown to interact with phosphate groups of ssDNA (Kozlov and Lohman, 2006) . As the CTP interaction site of the OB fold is located at its ssDNA binding site, it is possible that Clions compete with the CTP for binding to the OB, as does ssDNA. In line with proposition, in NMR studies increasing NaCl concentrations inhibited the OB-fold -CTP interaction, whereas even 300 mM NaGlu had no effect on the interaction . While other effects of Clcannot be excluded, these results highlight the importance of the OB-fold -CTP interaction in LLPS.
Given that E. coli cells contain around 2,000 SSB tetramers and that we found the concentration of SSB to be steadily around 3 mM within the droplets, the theoretical maximum for intracellular SSB droplet size is ~117 nm in diameter that can be achieved if the entire pool of cellular SSB molecules form a single droplet. Although particles of this size range can be visualized by superresolution microscopy, the compelling in vivo demonstration of LLPS by SSB is highly challenging. Strikingly, however, a recent study showed that in E. coli cells SSB localizes not only to DNA replication forks, but also forms multiple DNA-free protein foci near the inner cell membrane (Zhao et al., 2019) . Membrane localization is explained by specific binding of SSB to lipid membrane components. Upon DNA damage, membrane-localized SSB foci were shown to disperse and, concomitantly, SSB re-localized to sites on the bacterial chromosome, likely to those containing exposed ssDNA (Zhao et al., 2019) . Importantly, the ability of SSB to undergo ssDNA concentrationdependent LLPS, discovered in our current study, can explain the observed localization patterns. We propose that, when only a small amount of ssDNA is exposed, the majority of cellular SSB molecules (together with interacting partner proteins) will localize to membrane-proximal condensates; while an increase in exposed ssDNA sites (e.g. upon DNA damage) can trigger very rapid dispersion of condensates and relocalization of SSB to sites along the genome (Fig. 6F) . Based on the diffusion coefficient of phase-separated SSB determined in our study (Table S3) , the contents of an intracellular SSB droplet with a 100-nm diameter can be released with a half-time of 70 milliseconds even in the absence of additional signaling components.
Our current finding that even weak interaction partners of SSB are specifically enriched in the condensates is in line with previous findings showing that SSB interaction partners can form complexes with SSB even in the absence of ssDNA in vivo (Yu et al., 2016) . Importantly, our findings highlight that the view that weak protein-protein interactions are functionally irrelevant needs to be revisited in the light of recently discovered properties of phase-separated protein condensates.
Based on the above findings, we propose that bacterial cells constitutively store a pool of SSB and SSB-interacting proteins in a condensed form at the inner membrane ( Fig. 6F) . This pool can be rapidly mobilized for rapid response to genomic stress and initiation of DNA repair. Interestingly, it was previously shown that bacterial cells expressing an IDL-deleted, but CTP-containing, SSB variant in place of wild-type SSB were viable in stress-free laboratory environment (Curth et al., 1996) , likely due to the ability of SSB to efficiently bind to replication sites independent of its LLPS capability. However, another study showed that, when the IDL of E. coli SSB is removed or its composition is altered, the sensitivity of cells to UV damage is increased (Kozlov et al., 2015) . The finding that the LLPS propensity of the IDL is highly conserved among bacteria ( Fig. 1E) suggests that, while the ability of SSB to drive LLPS is not necessarily essential for cell viability under stress-free laboratory conditions, it confers important adaptive advantages in free-living bacteria, such as the adaptability to environmental stress and related DNA damage.
All in all, along with the few recently discovered cases of bacterial LLPS (Al-Husini et al., 2018; Heinkel et al., 2019; Monterroso et al., 2019) , our findings highlight that LLPS is a fundamental, universally exploited mechanism that is governed by similar molecular mechanisms in bacteria and eukaryotes. The LLPS propensity predicted for human SSB homologs hSSB1/SOSB1 and hSSB2/SOSB2 suggests broad evolutionary conservation of this feature (Fig. S10) , raising the possibility that SSB phase separation also plays a role in eukaryotic DNA metabolic processes.
MATERIALS AND METHODS

Reagents
All reagents and oligonucleotides were from Sigma-Aldrich unless otherwise stated. Fluorescent reagents were from Thermo Fisher Scientific. For concentration determination, ε260 values of 8400 M -1 cm -1 nt -1 and 10300 M -1 cm -1 nt -1 were used for dT homopolymers and for non-homopolymeric oligonucleotides, respectively. DNA concentrations are expressed as those of oligo-or polynucleotide molecules (as opposed to those of constituent nt units) unless otherwise stated. SSB concentrations are expressed as those of tetramer molecules.
General reaction conditions
Measurements were performed at 25°C unless otherwise indicated. Most measurements were carried out in LLPS buffer containing 20 mM Tris-acetate (Tris-OAc) pH 7.5, 5 mM MgOAc, 50 mM NaGlu, 20 mM NaCl unless otherwise indicated. Due to the NaCl content of SSB stock solutions, all NaGlu experiments contained a constant concentration of 20 mM NaCl. Experiments monitoring the effect of NaCl were performed in the absence of NaGlu.
Bioinformatics analysis: datasets
Representative sets of bacterial reference proteomes at 15 % proteome similarity threshold were obtained from the PIR database (Protein Information Resource; release 2019 06; (Wu and Nebert, 2004) ) for all 15 large bacterial phylogenetic groups defined in PIR (a total of 647 species). All proteins with a protein name exactly matching or including the phrase "Single-stranded DNA-binding protein" were selected (1004 sequences) and sequences labeled as "(Fragment)" were removed subsequently. While preserving at least one SSB protein for each species, for species with multiple SSB-like proteins, orthologs with missing/truncated structural modules (identified through visual screening of class-specific sequence alignments) were removed manually (275 excluded orthologs, 717 SSBs retained for analysis).
Bioinformatics analysis: LLPS propensity prediction
We used the web servers of three dedicated prediction methods to obtain the LLPS propensity profile of E. coli and human SSBs. The PLAAC (Lancaster et al., 2014) method predicts prion-like domains based on sequence composition properties. It was used with parameters Core Length = 30 and α = 100. The PScore method (Vernon et al., 2018) ; default parameters used) estimates the ability of proteins to undergo LLPS solely based on their propensity for long-range planar pi-pi contacts. The CatGranule method (Bolognesi et al., 2016) ; default parameters used) is a machine learning approach that was trained on a set of granule-forming proteins and predicts LLPS propensity based on RNAbinding, structural disorder and amino acid composition features. Although these methods are preliminary and only take into account a restricted set of features indicative of LLPS, theyespecially in combination -are highly useful for exploratory assessment of LLPS propensity (Vernon and Forman-Kay, 2019) .
To predict the LLPS propensity of the clean set of 717 SSBs, the PLAAC and CatGranule web servers were used. Results were summarized for 15 major bacterial phylogenetic groups (Table S1 ) and for individual proteins (Table S2 ). Through visual screening of certain CatGranule propensity profiles that scored close to the original (basic) threshold value (0.0) we noticed that proteins with an overall CatGranule score between 0.0 and 0.5 often do not have the characteristic profile observed for E. coli SSB. The propensities were lower and sometimes dispersed throughout the sequence, and they did not necessarily have the characteristic maximum at the IDL. Therefore we decided to apply a more stringent threshold value of 0.5 to identify sequences with true LLPS propensity, resulting in 502/717 (70 %) positively assigned SSBs. PLAAC identified 28.5 % of SSBs with prion-like domains. 72.1 % of sequences scored positive with at least one of the methods. The fact that this proportion is only slightly higher than that of SSBs identified by CatGranule alone indicates that CatGranule could identify the subset of SSBs with prion-like features but it also identified LLPS candidates based on other features. Therefore we selected the CatGranule results for visualization ( Fig. 1D-E) .
Cloning, protein expression and purification
Cloning and expression of SSB, SSB G26C and SSBdC (comprising aa 1-170) is described in ref. (Mills et al., 2017) . SSB G26C -dC was generated from SSBdC using the QuikChange (Agilent) mutagenesis kit. Mutagenesis was verified by DNA sequencing. SSB G26C -dC was purified similar to other SSB constructs with modifications as follows. In the case of SSB G26C -dC, only a HiTrap Heparin column (GE Healthcare) purification was applied. SSB G26C -dC did not bind to heparin column but appeared in the flow-through at high purity. SSBdIDL expression vector (encoding SSB aa 1-113) was generated from the vector encoding SSB using QuikChange mutagenesis. Purification of SSBdIDL was carried out similar to that for SSB, with changes as follows. During polyethyleneimine (PolyminP) fractionation, SSBdIDL remained in the supernatant instead of precipitating along with polyethyleneimine (as does SSB). The supernatant resulting from polyethyleneimine fractionation was purified applying the steps described for SSB.
The expression vector encoding full-length human BLM (aa 1-1417) was a generous gift from Dr. Lumir Krejci (Masaryk University, Brno, Czech Republic). BLM was expressed and purified based on ref. (Gyimesi et al., 2013) . Cloning of RecQ is described in ref. . RecQ R425A and RecQ R499A expression plasmids were generated from that for wild-type RecQ using QuikChange mutagenesis. RecQ proteins were purified as in ref. .
EGFP-pBAD, allowing expression of N-terminally histidine-tagged eGFP, was a gift from Michael Davidson (Addgene plasmid # 54762). The coding sequence of eGFP was subcloned into a pTXB3 vector using the NheI and BsrGI restriction sites for IPTG-inducible protein expression. eGFP-IDL-CTP was cloned as follows. The coding sequence for histidine-tagged eGFP was amplified by PCR and cloned into the pTXB3 vector using the BsrGI and EcoRI restriction sites without a stop codon. The IDL-CTP encoding sequence of wild-type SSB (aa 118-178) was amplified by PCR using the wildtype SSB pET vector (Mills et al., 2017) . The amplified region was inserted in-frame downstream of the histidine-tagged eGFP-coding region using the BsrGI and EcoRI restriction sites. In case of eGFP-(GGS)4-CTP (encoding four repeats of the GGS tripeptide and SSB's C-terminal peptide motif (SSB aa 169-178)), both strands of the GGS4-CTP coding region were ordered as oligonucleotides that were designed to harbor the BsrGI and EcoRI restrictions sites. Oligonucleotides were annealed and ligated downstream of the histidine-tag-eGFP encoding sequence of the digested pTXB3 histidine-tag eGFP vector. Resulting constructs were verified by DNA sequencing. eGFP constructs were transformed into E. coli KRX strain. Cells were grown in 1 L 2YT medium until reaching OD600 = 0.3. Protein expression was induced by addition of IPTG (1 mM) and rhamnose (0.2 w/v%). After overnight incubation at 18°C, cells were harvested and lysed in Lysis buffer (50 mM Tris-HCl pH 7.5, 0.5 M NaCl, 10 % v/v glycerol, 0.1 % v/v Igepal, 2 mM βmercaptoethanol, 40 mM Imidazole, 1 mM PMSF (Phenylmethanesulfonyl fluoride) by sonication. After centrifugation of the lysate (JA-20 rotor, Beckman Coulter, 25000 g, 60 min, 4°C) the supernatant was loaded onto a Ni-NTA Agarose (Qiagen) column pre-equilibrated with Lysis buffer. After washing with 3 column volumes of Lysis buffer, the protein was eluted by the same buffer supplemented with imidazole (500 mM). Pooled protein fractions were dialyzed against Storage buffer (20 mM Tris-HCl pH 7.5, 200 mM NaGlu, 1 mM DTT, 10 % v/v glycerol) and concentrated using an Amicon Ultra 15-mL 10k (Merck Millipore) spin column. Protein concentrations were measured based on eGFP absorbance (ε488 = 56000 M -1 cm -1 ) and using ε280 eGFP-IDL-CTP = 29005 M -1 cm -1 and ε280 eGFP-GGS4-CTP = 23505 M -1 cm -1 . Methods using different wavelengths yielded similar values that were averaged.
Purity was checked by SDS-PAGE for all proteins. Concentrations of purified proteins were measured using the Bradford method except for eGFP constructs (see above). Purified proteins were flash-frozen and stored in liquid N2 in 20-µL droplets.
Fluorescent labeling of proteins
SSB variants harboring the G26C substitution were labeled as in ref. with the following exceptions. SSB G26C was labeled with FITC (Fluorescein 5-isothiocyanate) instead of MDCC (N-[2-(1-maleimidyl) ethyl]-7-diethylaminocoumarin-3-carboxamide). SSB G26C -dC was labeled with AF555 (Alexa Fluor 555 C2 Maleimide). FITC was applied in 5-fold, AF555 in 2-fold molar excess over SSB monomers. Labeling reactions were performed for 5 h for FITC and 2 h for AF555 under argon gas. FITC labeling was stopped by the addition of Tris-HCl (to 50 mM final concentration). Maleimide reactions were stopped by the addition of 5 mM DTT. The labeled proteins were purified using a PD10 (GE Healthcare) gel filtration column, pre-equilibrated with SSB Storage buffer (50 mM Tris-HCl pH 7.5, 200 mM NaCl, 3 mM DTT and 20 % glycerol). Proteins were dialyzed against Storage buffer and repetitively filtrated using an Amicon Ultra 30K spin column to remove residual free dye.
All RecQ variants and BLM were labeled with AF488 (Alexa Fluor 488 carboxylic acid, succinimidyl ester). Proteins were dialyzed against labeling buffer containing 50 mM MES pH 6.5, 200 mM NaCl and 5 mM DTT. AF488 was applied in 3-fold molar excess over proteins. Labeling reactions were carried out for 8 h in the case of RecQ, and for 2 h in the case of BLM. Reactions were stopped by the addition of Tris-HCl (to 50 mM final concentration). Labeling buffers were exchanged by dialysis against Storage buffers (RecQ variants: 50 mM Tris-HCl pH 7.5, 200 mM NaCl, 1 mM DTT and 10 v/v% glycerol; BLM: 100 mM Tris-HCl pH 7.5, 500 mM NaCl, 1 mM DTT, 10 v/v% glycerol). Proteins were filtrated using an Amicon Ultra 50K spin column (Sigma-Aldrich) to remove residual free dye.
Protein concentrations were determined using the Bradford method. Dye concentrations were determined also by visible light spectrometry using ε492 = 78000 M -1 cm -1 for NHS-fluorescein and FITC, ε555 = 158000 M −1 cm −1 for AF555 and ε488 = 73000 M −1 cm −1 for AF488. The degrees of labeling were 25 ± 2.5 % for SSB G26C -FITC, 82 % for SSB G26C dC-AF555; 13 % for RecQ-AF488, 10 % for RecQ R425A -AF488, 13 % for RecQ R499A and 22 % for BLM-AF488.
Proteins were checked for purity and integrity using SDS-PAGE, frozen in liquid N2 in small aliquots and stored at -80 °C (SSB variants) or in liquid N2 (RecQ variants and BLM).
Peptides
N-terminally fluorescein-labeled SSB C-terminal peptide (Flu-MDFDDDIPF), unlabeled C-terminal peptide (WMDFDDDIPF) and unlabeled control peptide (WDFMMDDPFID) were dissolved in 20 mM Tris-HCl pH 7.5, 10 mM ammonium bicarbonate, 500 mM NaCl. The N-terminally fluorescein-labeled control peptide (Flu-TRTKIDWNKILS) was dissolved in water.
Fluorescence anisotropy titrations
15 nM of fluorescein-labeled molecules were titrated with increasing concentrations of SSB in LLPS buffer (50 mM Tris-OAc pH 7.5, 20 mM NaCl, 50 mM NaGlu and 5 mM MgOAc). Fluorescence polarization of 20-µl samples was measured in 384-well low-volume nontransparent microplates (Greiner Bio-one, PN:784900) using a Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek) at 25°C and converted to anisotropy values.
To obtain dissociation constants from fluorescence anisotropy experiments, fits using the Hill equation were used. Here, the observed signal in binding experiments will be determined by where a is the signal from the reporter in the absence of binding partner, b is the signal at saturation, x is the concentration of the binding partner, Kd is the dissociation constant of the interaction, and n is the Hill coefficient. n > 1 or n < 1 indicates positive or negative cooperativity, respectively.
To measure the effect of PEG20000 on ssDNA binding, we used a 3'-fluorescein-labeled oligonucleotide (TCCTTTTGATAAGAGGTCATTTTTGCGGATGGCTTAGAGCTTAATTGCGCAACG-Fluorescein).
Turbidity measurements
Turbidity of 40-µl samples (light depletion at 600 nm wavelength) was measured in 384-well transparent microplates (Nunc Thermo Fisher PN:242757) in a Tecan Infinite Nano + plate reader instrument using a 600 ± 20 nm band pass filter at 25°C or 37°C. The optical path length for the samples was 0.476 cm in all experiments. SSB or other buffer components have no light absorption at 600 nm based on absorption spectra. For phase-separated samples, light scattering by phaseseparated droplets leads to apparent light absorption. Between reads, samples were mixed by gentle shaking using the orbital shaker of the plate reader instrument.
ssDNA concentration-dependent turbidity measurements were fitted using a quadratic binding equation derived from the law of mass action:
Equation 2
Turbidity (OD 600 ) = A0 +
where A0 is the turbidity of the sample at saturating ssDNA concentration, Amax is the turbidity in the absence of ssDNA, cSSB is enzyme concentration, n is the stoichiometry (mol SSB/mol ssDNA), cDNA is the concentration of ssDNA, and Kd,app is the apparent dissociation constant of the SSB-DNA interaction. Binding site sizes were calculated by dividing the length (nt) of the ssDNA molecule with the determined stoichiometry value (mol protein/mol DNA molecule).
Centrifugation-based concentration determination
500 µl SSB in various concentrations was incubated in LLPS buffer (20 mM Tris-OAc pH 7.5, 20 mM NaCl, 50 mM NaGlu and 5 mM MgOAc) at 25°C for 5 minutes. Samples were centrifuged using a tabletop Eppendorf centrifuge (13400 rpm (12000 g), 30 min). After centrifugation, a gel-like pellet was observable at the bottom of Eppendorf tubes. The supernatant was carefully decanted, and the pellet was resuspended in 500 µl buffer supplemented with 1 M NaCl as high NaCl concentration disperses the phase-separated SSB condensates. The absorbance of the supernatant and the resuspended pellet at 280 nm was measured in a quartz cuvette (1-cm pathlength) in a Beckman Coulter DU 7400 spectrophotometer. SSB concentration was determined spectrophotometrically using ε280 = 113000 M -1 cm -1 for the SSB tetramer.
DIC microscopy
DIC images were captured using a Zeiss AxioImager M2 upright microscope (with objective Plan-Apochromat 20x 0.8 M27 and camera Axiocam 503 mono) equipped with an DIC filter and prism 0.55x. The Zen 2.3 (Zeiss) software was used to examine the obtained data. Raw, unprocessed DIC images are shown in the paper.
Electrophoretic mobility shift assay (EMSA)
200 nM 5'-Cy3-labeled, 41-nt ssRNA (5'-Cy3-UAAGAGCAAGAUGUUCUAUAAAAGAUGUCCUAGCAAGGCAC-3') or 41-nt ssDNA (5' Cy3 -dT41) was titrated with increasing concentrations of SSB (0 -500 nM) in LLPS buffer (20 mM Tris-OAc pH 7.5, 50 mM NaGlu, 5 mM MgOAc, 20 mM NaCl). Reactions were run on a 1 % w/v agarose gel at 120 V for 20 minutes. Fluorescent molecular species were detected upon excitation with a 532-nm laser in a Typhoon Trio+ Variable Mode Imager (Amersham Biosciences). Fits to the data were performed using the Hill and quadratic binding equations (Equations 1-2) .
Epifluorescence microscopy
A Nikon Eclipse Ti-E TIRF microscope with an apo TIRF 100x oil immersion objective (numerical aperture (NA) = 1.49) was used in epifluorescent mode. Samples were excited using a Cyan 488-nm laser (Coherent) or a 543-nm laser (25-LGP-193-230, Melles Griot). Fluorescence was guided through a dichroic mirror (ZT405/488/561/640rpc BS (dichroic cube)). Light was positioned into a Zyla sCMOS (ANDOR) camera, and images were captured using the NIS-Elements AR 4.50.00 imaging software. Measurements of 20-µl samples were carried out in µ-Slide Angiogenesis (Ibidi) microscope slides at 25°C. Before the measurements, chambers were blocked with 1 mg/ml Roche Blocking Reagent (Roche) in a buffer containing 20 mM Tris-OAc, pH 7.5 for 20 min. The blocking reagent was then removed and the wells were washed with the appropriate reaction buffer two times. Uniform experimental sets were obtained using the same optical setup (2x2 binning, 200-ms laser exposure). Sample components were mixed freshly before imaging and images were captured after 1 min following mixing.
Image processing and particle analysis for epifluorescence experiments
Raw, unprocessed images from epifluorescence experiments were analyzed using the Fiji (ImageJ) software. For illustration purposes, images were background corrected as follows. Images from a given experiment were treated together as an image stack and the same processing was performed in parallel on all images in the stack. Brightness and contrast values were linearly adjusted using the automatic detection algorithm of Fiji. Images were background corrected using the built-in rolling ball background correction algorithm of Fiji (a rolling ball radius of 80 pixels was used).
For determination of the apparent diameter of fluorescent droplets, images were converted to 8-bit form and thresholded using the in-built image thresholder of Fiji (Huang method). The Fiji particle analyzer algorithm (smallest detected size was set to 0.2 µm 2 , circularity 0.2 -1) was used to detect circular objects and calculate their areas (in turn, volumes). Detected areas were converted to apparent diameter values supposing that all fluorescent entities result from droplets. It must be noted that this method yields an apparent diameter for observable fluorescent circles, which may differ from the real diameter of the droplets due to the nature of epifluorescence imaging. Nevertheless, this method is suitable for analyzing changes in droplet size distribution under different conditions. Raw images were used to determine the partitioning of the fluorescence signal between the droplets and their surroundings. As the fields were illuminated unevenly, only the droplets/circles present in the central area of acquired images (in a 40-µm circle around the image center) were analyzed. The mean intensity of a given circle was divided by the mean intensity of background adjacent to the measured object.
Confocal fluorescence microscopy and Fluorescence Recovery After Photobleaching (FRAP) analysis
FRAP experiments were performed in Cellview cell culture slides with glass bottom (Greiner bio-one) containing 20 µl SSB solution in different conditions as indicated in the text. Images were acquired at 23°C with an inverted LSM800 confocal microscope (Zeiss) with a PlanApoChromat 63× oil immersion objective (NA = 1.4, Zeiss) using immersion oil (n = 1.518 at 23°C, Zeiss). Imaging parameters were 1.2-1.5× zoom, 1 Airy unit confocal pinhole and 500x500 pixels scanning resolution. For excitation of eGFP, Alexa 488 and fluorescein, a 488-nm diode laser was used. For excitation of Cy3 and A555, a 561-nm diode laser was used. Prebleach and postbleach imaging was carried out at 0.2-0.3 % laser power. Emission was detected at 400-650 nm (eGFP, Cy3, fluorescein) or at 450-700 nm (A555). Bleaching was performed in circular ROIs (r = ¼ d of the drops) in the middle of the drops using maximum laser power with 30 iterations to reach 80-90 % fluorescence reduction. Time-lapse images were collected in 5-s intervals. Pre-and postbleach periods were 10 and 90/120 frames, respectively. Before measurements, chambers were blocked with 1 mg/ml Roche Blocking Reagent (Roche) in a buffer containing 20 mM Tris-OAc, pH 7.5 for 20 min. The blocking reagent was then removed and wells were washed with the appropriate reaction buffer two times. Samples were allowed to settle to the bottom of the microscope slides during a 2-h incubation to prevent diffusion of droplets that could interfere with photobleaching. Confocal microscopic images were not background corrected.
Analysis of fluorescence signal recovery was performed using easyFRAP software (Rapsomaniki et al., 2012) with double normalization and single-exponential model (I = I0−A exp(−t/τ)) fitting using the raw images. Mobile fraction (mf = A/1-(I0-A) ) and half-time of recovery (t1/2 = ln2/τ) values were calculated by the software. Diffusion coefficient (D) was calculated from t1/2 data using the equation D = 0.25 x r 2 /t1/2 (Kang et al., 2012) , where r is the radius of the used bleaching ROI.
To calculate the diffusion coefficient of SSB and the dynamic viscosity of SSB droplets, the Einstein-Stokes equation was used: D = kT/(6πηr) where k is the Boltzmann constant (1.38064852 x 10 -23 m 2 kg s -2 K -1 ), T is the absolute temperature, η is the dynamic viscosity (for water the latter is considered to be 0.001 kg/(ms) = 1 mPa . s) and r is the radius of the diffusing spherical object. For r in case of SSB, a Stokes radius of 3.8 x10 -9 m was used (Meyer and Laine, 1990) .
Spinning disk microscopy and data analysis
For evaluation of droplet volumes, microscopic images were taken on a Zeiss Spinning Disk system equipped with Yogogawa SD and a 25x LD LCI Plan Apochromat 0.8 NA objective at 24°C. The imaged area was 285x285 µm in x-y axis and 50 µm in the z-axis direction. Z-stack images were acquired at 0.5-µm intervals using a 488-nm laser line and 100 ms exposure time. Cellview cell culture slides with glass bottom (Greiner bio-one) containing 150 µl SSB solution in different conditions (as indicated in the text) were used. Images from spinning disk experiments were not background corrected.
During image acquisition, droplets constantly sank toward the bottom of the imaging chamber. Thus, during capturing a z-stack, different cross sections of the droplets were visualized. To correct our measurements for the sinking effect, first we manually determined a fluorescence intensity threshold for detected objects and designated all voxels of an image above this threshold to be part of Surface objects by using Imaris software (Oxford instruments). Next, for each separate object we examined all images in the Z-stack (i.e. all recorded horizontal planes) and identified circles in the images by using a custom-written script for Imaris, utilizing the MatLab function imfindcircles. The largest circle for each object was selected, assuming that it represents the diameter of the sinking sphere/droplet. The volume of each droplet was thus estimated from the radius of the selected circles.
The concentration of SSB within droplets was calculated by multiplying the concentration of phase-separated SSB within the total sample volume (determined from centrifugation experiments) with the ratio of the total imaged volume and the cumulative volume of fluorescent spheres.
The water content of droplets was calculated by subtracting the product of the number of SSB particles in the droplet (derived from the intra-droplet SSB concentration, see above) and their Stokes volume from the total volume of the droplet.
General data analysis
Mean ± SEM (standard error of mean) values are reported in the paper unless otherwise specified. For apparent droplet size distributions, mean ± SD (standard deviation) values and medians are shown. Sample sizes (n) are given for the number of observed particles in fluorescence microscopic experiments or the number of ensemble in vitro measurements performed (n = 3 unless otherwise specified). Data analysis was performed using OriginLab 8.0 (Microcal corp.). Pixel densitometry was performed using GelQuant Pro software (DNR Bio Imaging Ltd.) . T-test and one-way ANOVA statistical analyses, together with the Tukey post-hoc test adjusted for multiple comparisons, were performed in OriginLab 8.0. Significance levels are indicated in the figure legends. appearance of samples indicates the presence of light scattering by particles of diameters larger than the wavelength of visible light. (We note that experiments with NaGlu contained a fixed amount of 20 mM NaCl for technical reasons.) B, Turbidity (measured via optical density at 600 nm (OD600)) of the samples at 25°C and 37°C. Turbidity (means ± SEM) decreased with increasing temperature (*: p < 0.01; n.s.: p = 0.076; n = 3, unpaired T-test). C, DIC (differential interference contrast) microscopic images of SSB samples shown in panel A. D, Fluorescence microscopic images obtained upon mixing 30 µM SSB and 0.3 µM fluorescein-labeled SSB at the indicated salt concentrations. Fig. S1A shows MgOAc dependence measurements. E-F, Salt (E, NaGlu, inset: NaCl; F, MgOAc) concentration dependence of the apparent droplet diameter (medians and 25/75 percentiles shown as bullets and dashes, respectively), determined from fluorescence microscopic experiments. Lines show linear fits (E, NaGlu: p < 0.05 indicates that the slope is significantly different from zero; F, MgOAc: slope not significantly different from zero (n.s., p > 0.05; one-way ANOVA analysis). Distributions are shown in Fig. S1B-C. G-H, Turbidity of 15 µM SSB samples at the indicated salt concentrations. I, Example images obtained during fluorescence recovery after photobleaching (FRAP) experiments in samples containing 30 µM SSB and 0.3 µM fluorescein-labeled SSB (bleached area diameter: 4,9 µm). J, After bleaching of fluorophores at the center of droplets ( Fig. S2G-H) , fluorescence intensity recovery (panel I) was followed in time. The time course of recovery was fitted by a single exponential decay function (solid line shows best fit). After bleaching, 68 ± 8% of the original fluorescence signal was recovered (recovered fraction) with a half-life (t 1/2) of 175 ± 23 s.
Figure 3. SSB forms highly dense droplets at cellular SSB concentrations in vitro
A, Fluorescence images of samples containing SSB at the indicated concentrations (including 0.3 µM fluorescein-labeled SSB) in the absence and presence of bovine serum albumin (BSA, 150 mg/ml). B, SSB concentration dependence of the apparent diameter of droplets (medians and 25/75 percentiles marked by bullets and dashes, respectively) in the absence and presence of BSA (150 mg/ml). Fig. S3A-B shows diameter distributions. C, SSB concentration dependence of turbidity in the presence of the indicated solution components. D, Schematics of centrifugation-based concentration determination experiments. E, Fraction of SSB in the dissolved (black) and droplet (blue) phases. Solid lines show linear fits. Slopes were not significantly different from zero (n.s., p > 0.05; one-way ANOVA analysis). F, Representative 3-D fluorescence image obtained in spinning disc microscopic experiments (15 µM SSB, 0.3 µM fluorescein-labeled SSB). G, Calculated concentration of SSB in droplets. Solid line shows linear best-fit. The slope was not significantly different from zero (n.s, p = 0.804, n = 3, one-way ANOVA analysis). Fig. S4 shows control experiments revealing the effect of molecular crowders.
Figure 4. Multifaceted interactions of SSB structural regions are required for efficient LLPS
A, Schematic domain structure of SSB constructs (see also Fig. 1A) . Numbers indicate amino acid positions at boundaries of structural regions. SSBdC lacks the CTP region, whereas SSBdIDL lacks the IDL and CTP regions. For site-specific fluorescent labeling, SSB variants harboring the G26C substitution were used (Fig. S5) (Dillingham et al., 2008) . In addition to SSB constructs we also generated chimeric proteins of enhanced green fluorescent protein and the SSB C-terminal regions to test the role of the IDL and CTP regions in the absence of the OB fold (Fig. S6) . B, DIC images of 30 µM SSB constructs in the presence and absence of 150 mg/ml BSA. C-E, Fluorescence images of 30 µM unlabeled SSB constructs mixed with 0.3 µM (C) fluoresceinlabeled SSB, (D) 0.3 µM Alexa555-labeled SSBdC or (E) 0.3 µM cyanine 3 (Cy3) labeled dT 79 ssDNA (79nucleotide long homopolymer deoxythymidine) in the presence and absence of 150 mg/ml BSA. F, SSBdC concentration dependence of sample turbidity in the presence and absence of 150 mg/ml BSA (in 50 mM NaGlu). SSB data from Fig. 3C are shown for comparison. G, Model of LLPS-driving inter-tetramer SSB interactions based on the structure of SSB, the SSB-CTP interaction and the revealed roles of structural regions in LLPS.
Figure 5. ssDNA regulates SSB phase separation by competing with the SSB C-terminal peptide for OB fold binding
A, Fluorescence microscopic images of 30 µM SSB, 0.3 µM fluorescein-labeled SSB (green channel) in the presence and absence of 0.1 µM Cy3-labeled dT79 or ssRNA (41 nt, non-homopolymeric) (red channel). Fig. S7A-E shows diffusion characteristics of Cy3-dT79 in droplets and binding characteristics of SSB to Cy3-dT79 and Cy3-ssRNA. B, ssDNA dependence of SSB droplet formation, as observed in fluorescence microscopic images of samples containing 30 µM SSB, 0.3 µM fluorescein-labeled SSB and unlabeled dT79 at the indicated concentrations. Fig. S7F shows additional data recorded in the presence of molecular crowding agents (BSA and polyethylene glycol (PEG20000)), using longer ssDNA (poly-dT with average length between 600-1000 nt), and controls for ssDNA dependence measurements. C, dT79 concentration dependence of apparent droplet diameters (medians and 25/75 percentiles marked by bullets and dashes, respectively) in the presence and absence of 150 mg/ml BSA. See Fig.  S7H-K for additional experiments and distributions of apparent diameters. Lines show linear best-fits. One-way ANOVA analysis indicates that the slopes are not significantly different from zero (n.s., p > 0.05). D, ssDNA concentration dependence of turbidity of samples containing SSB at the indicated concentrations. Solid lines show fits using a quadratic binding equation (Equation 2, see Methods; best-fit parameters are shown in Table S4 ). Inset: apparent binding site size of SSB at saturating ssDNA concentrations (means ± SEM). Values at different SSB concentrations are not significantly different (n.s., p = 0.979, n =3, one-way ANOVA). Fig. S8 shows additional ssDNA concentrationdependent turbidity measurements at higher NaGlu concentration, in the presence of molecular crowders or using poly-dT. E, Fluorescence anisotropy-based experiments monitoring SSB binding to 15 nM fluorescein-labeled, isolated SSB C-terminal peptide in the presence and absence of 50 µM dT 79. Solid line shows best fit based on the Hill equation (Equation 1 , see Methods). Fit results are shown in Table S5 . F, Schematic model for the LLPS-inhibiting effect of ssDNA (black line). SSB tetramers and structural regions are shown as in Fig. 4G . Table S5 . F, Proposed model for the in vivo role of SSB LLPS, based on data presented here and earlier in vivo imaging results of Zhao et al. (Zhao et al., 2019) . B-C, Determined apparent diameter of droplets from NaGlu, NaCl (Fig. 2D) and MgOAc (panel A) concentration-dependent fluorescence microscopic experiments. Data were aggregated from multiple observation fields. Means (circles) ± SD and the median (horizontal line) are shown on the right side of raw data. D, Binned data can be fitted with a Gaussian function (solid lines); however, based on the Shapiro-Wilks normality test, both untransformed and log-transformed data significantly differ (p > 0.05) from a normal or log-normal distribution, due to the presence of a significant fraction of fluorescent droplets with large diameters (> 10 µm). For this reason, median values of apparent diameter distributions were used to detect concentration-dependent trends ( Fig. 2E-F ; in most cases, means were almost identical to the medians). E, The absolute value of the rate of turbidity change (panel D) increased linearly with increasing SSB concentration in the investigated SSB concentration regime (slope 0.72 ± 0.01 (mAbs min -1 µM -1 ), bestfit parameter and fitting error). The x-axis intercept of 4.9 ± 0.1 µM indicates that droplet formation and fusion become infrequent below an apparent critical SSB concentration of about 5 µM, in line with the abrupt change observed in droplet frequency and size in the same concentration regime in fluorescence imaging experiments (Fig. 3A-B) . The time-dependent decrease in turbidity is likely to be caused by the decreasing number and increasing diameter of droplets due to fusion, in line with the results of fluorescence microscopic experiments (panel A-B) . As the diameter of droplets is significantly larger than the wavelength of light used (600 nm), based on Fraunhofer diffraction theory, turbidity will decrease with increasing diameter (Raut and Kalonia, 2016) Fig. 3A) . Total SSB concentrations are shown. All samples contained 0.3 µM fluorescein-labeled SSB besides unlabeled SSB. Data were aggregated from two experiments, mean ± SD (circles and error bars) and median (horizontal lines) values are shown on the right side of raw data. A-B , Example DIC images of 30 µM SSB in the presence of (A) 150 mg/ml BSA or (B) 10 w/v% PEG20000 along with the controls containing only BSA or PEG in LLPS buffer (20 mM Tris-OAc pH = 7.5, 5 mM MgOAc, 50 mM NaGlu, 20 mM NaCl). No objects were detected in the BSA and PEG controls. C-E, Effect of BSA concentration on LLPS by SSB. (C) Fluorescence images recorded for samples containing 30 µM SSB and 0.3 µM fluorescein-labeled SSB in LLPS buffer. (D) For diameter distributions, mean ± SD (circles) and median (horizontal lines) values are shown on the right side of raw data. (E) The median (bullets) of the apparent droplet diameter was independent of BSA concentration (slope of linear fit was not significantly different from zero (n.s., p > 0.05; one-way ANOVA analysis; 25/75 percentiles shown as dashes). F, Effect of PEG20000 concentration on SSB LLPS. Fluorescence images were obtained for samples containing 30 µM SSB plus 0.3 µM fluorescein-labeled SSB 1 min or 30 min (as indicated) after diluting SSB into the LLPS buffer. Interestingly, PEG slowed down the mixing of SSB with labeled SSB, and nonhomogeneous fluorescence distributions in droplets were observed. The frequent appearance of a florescent halo around weakly fluorescent droplets is indicative of slow mixing. Moreover, after 30 min, more droplets with homogenous fluorescence distribution were observed. In contrast to fluorescence experiments, DIC images in the presence of 150 mg/ml BSA or 10 w/v% PEG were indistinguishable (panel A-B) . Due to the above observations and the fact that after 30 min large droplets clustered together even in 0.5 w/v% PEG, we were unable to reliably determine the apparent diameter distribution of droplets. G-H, Both (G) BSA and (H) PEG20000 slightly decreased the turbidity of 15 µM SSB in LLPS buffer in a linearly concentration-dependent manner (mean ± SEM values shown, n = 3) the slopes (BSA: -0.0023 ± 0.0002 (mg/ml) -1 ; PEG: -0.044 ± 0.001 (mg/ml) -1 ) were significantly different from 0 (p < 0.05, oneway ANOVA). This effect of crowders on turbidity is striking and unexpected as the size distribution of droplets was similar in the presence and absence of BSA and the frequency of droplets also appeared similar ( Fig. 3A-B, panel C) . I-J, Strikingly, both 150 mg/ml BSA and 10 w/v% PEG20000 decreased the rate of turbidity change of 15 µM SSB in LLPS buffer. Solid lines show linear fits to time-dependent measurements. Averages of kinetic traces ± SD (for every 20 th datapoint) are shown. (J) BSA and PEG decreased the mean rate of turbidity change (mean ± SEM values shown, n = 3) by 1.9 ± 0.2 and 2.5 ± 0.2 fold, respectively. The effect of crowders on droplet fusion rate is possibly brought about by the increased dynamic viscosity of BSA and PEG solutions (150 mg/ml BSA ~2.5 mPas, 10 w/v% PEG20000 ~100 mPas). Nevertheless, the results indicate that molecular crowding and/or solution viscosity can influence droplet fusion dynamics. K-M, Effect of PEG20000 on SSB diffusion in droplets. 30 µM SSB and 0.3 µM fluorescein SSB was mixed in LLPS buffer containing 10 w/v% PEG. Droplets were allowed to settle to the bottom of microscopy chamber during a 2-h incubation. Droplets with uniform fluorescence distribution were photobleached and the half-life of fluorescence recovery (t1/2) and recovered fractions were determined as in Fig. 2I . (K) Diffusion coefficients calculated from the photobleached area and t1/2 (K). The presence of PEG20000 significantly decreased the diffusion rate of SSB by 4.5 ± 2.3 fold (p < 0.05, unpaired T-test). PEGdependent changes in the diffusion rate may indicate that in the presence of PEG the dynamic viscosity of droplets increases or the increased viscosity of the droplet environment slows down SSB diffusion into the droplets. (M) The recovered fractions did not statistically differ for the two conditions (p > 0.05, unpaired T-test). The ~70 % recovered fraction likely indicates that a portion of photobleached SSB remained in the droplet. Mean ± SD values for t1/2, diffusion coefficients and recovered fractions are shown in Table S3 .
Figure 6. Specific interactions drive the enrichment of SSB-interacting partners in phase-separated SSB droplets
Supplementary Figure 2. Liquid nature of SSB droplets is supported by observation of droplet fusion events and diffusion of SSB in droplets
Supplementary Figure 4. Effect of molecular crowders on LLPS by SSB
Supplementary Figure 6. Chimeric eGFP-SSB constructs highlight the role of the OB fold in LLPS
A, Schematic domain structure of N-terminally His-tagged eGFP (His tag not shown) and chimeric eGFP proteins (aa residue numbers for eGFP (green) and those for the wild-type SSB sequence (black) are shown). In case of eGFP-GGS4-CTP, the last nine amino acids of SSB (MDFDDDIPF) are fused to the Cterminal of eGFP, following a fourfold repeated glycine-glycine-serine tripeptide sequence. In case of eGFP-IDL-CTP, the wild-type SSB sequence from aa position 118 onwards was fused to the C-terminal of eGFP. B, eGFP and eGFP chimeric constructs (3 µg each; cf. panel A) were separated using SDS-PAGE in a Mini-PROTEAN TGX 4-20% precast gel (Bio-Rad) and visualized by Coomassie staining. As a molecular weight marker, the Precious Plus Protein Standard (Bio Rad) was used. Calculated molecular weights are 27 kDa, 36.8 kDa and 32.7 kDa for eGFP (lane 1), eGFP-IDL-CTP (lane 2) and eGFP-GGS4-CTP (lane 3), respectively. C, Representative DIC images of 30 µM SSB in LLPS buffer in the presence of 0.1 µM eGFP constructs as indicated. In control experiments no objects were detected without SSB. D, Fluorescence images of 30 µM SSB in LLPS buffer in the presence of 0.1 µM eGFP constructs and in the presence or absence of 150 mg/ml BSA or 10 w/v% PEG20000. Images were not background corrected. E, Ratios of mean droplet intensity and the mean background intensity (mean ± SEM values are shown, n = 10) determined from fluorescent experiments (panel E). In the presence of PEG20000, both eGFP-GGS4-CT and eGFP-IDL-CTP were enriched in the droplets compared to eGFP (p < 0.05 for both constructs, one-way ANOVA). The enrichment values did not significantly differ between CTPcontaining constructs, indicating that the CTP region alone (even in the absence of the IDL on eGFP) enables enrichment in SSB droplets. F-H, Diffusion of SSB and SSBdC (in the absence of PEG) compared to that of eGFP-IDL-CTP and eGFP-GGS4-CTP (in 10 w/v% PEG20000) in SSB droplets. 30 µM SSB and 0.1 µM fluorescein-labeled SSB or fluorescein-labeled SSBdC in the absence of PEG, or 30 µM SSB and 0.1 µM eGFP-IDL-CTP and eGFP-GGS4-CTP in the presence 10 w/v% PEG in LLPS buffer was mixed. Droplets were allowed to settle to the bottom of the microscopy chamber during a 2-h incubation. Droplets with uniform fluorescence distribution were photobleached and the half-life of fluorescence recovery (t1/2) and recovered fraction values were determined as in Fig. 2J . (G) Diffusion coefficients were calculated from the photobleached area and (F) t1/2. The diffusion coefficient of SSBdC was significantly higher compared to that of SSB and chimeric eGFP constructs, whereas the diffusion coefficients for the latter three constructs did not significantly differ (using a p threshold of 0.05, one-way ANOVA). (H) Intriguingly, the recovered fractions were higher for all constructs compared to those for SSB, and all recovered fractions were significantly different from each-other (p < 0.05, one-way ANOVA). Mean ± SD values for t1/2 values, diffusion coefficients and recovered fractions are shown in Table S3 .
Supplementary Figure 7. Additional data on the effect of oligonucleotides on LLPS by SSB
A-C, Diffusion of Cy3-labeled dT79 in SSB droplets. 30 µM SSB and 0.1 µM Cy3-labeled dT79 were mixed together in LLPS buffer. Droplets were allowed to settle to the bottom of the microscopy chamber
Supplementary Figure 8. Turbidity measurements in the absence of ssDNA confirm the inhibitory effect of ssDNA binding to SSB on droplet formation
A, Turbidity of 15 µM SSB in LLPS buffer containing 50 or 500 mM NaGlu and increasing concentrations of dT79. The turbidity decreased quasi-linearly with increasing dT79 concentration and reached saturation. Based on fluorescence microscopic results, turbidity decrease indicates a decrease in the number of droplets in the solution. Solid lines represent fits using a quadratic binding equation (Equation 2 , see Methods) used to determine the SSB:dT79 stoichiometry where saturation occurred.
In the quadratic binding model, we assume that, due to the high concentration of SSB and its high affinity to ssDNA, binding of DNA molecules is stoichiometric at the applied concentrations. Determined stoichiometries (inset) at the two salt concentrations were significantly different (p < 0.05, n = 3, unpaired T-test). In 50 mM NaGlu, on average two SSB molecules bind to one dT79 molecule, whereas in 500 mM NaGlu, one SSB is bound per dT79, in line with the previously described preference for the 35-nt and 65-nt ssDNA binding modes of SSB at low and high salt concentrations, respectively . B, Turbidity of 15 µM SSB in LLPS buffer at increasing concentrations of poly-dT. The solid line represents best-fit using a quadratic binding equation (Equation 2) . The determined apparent SSB Half-lives of fluorescence recovery (t1/2) and recovered fractions were determined as in Fig. 2J . Diffusion coefficients (panel C) were calculated from the photobleached area and t1/2 (panel A). The diffusion coefficient of dT79 was significantly higher compared to that of SSB (* p < 0.05, one-way ANOVA). The recovered fraction (panel D) for dT79 was also significantly higher compared to that of SSB (* p < 0.05, one-way ANOVA). Mean ± SD values for t1/2 values, diffusion coefficients and recovered fractions are shown in Table S3 . The diffusion coefficient for RecQ was significantly higher compared
Supplementary Figure 9. Proteins used for testing the enrichment of SSB interaction partners in SSB droplets, and diffusion properties of RecQ helicase and the isolated SSB C-terminal peptide within SSB droplets
Supplementary Figure 10. Human SSB1 and SSB2 show positive predicted LLPS propensities in their IDLs
A-B, The PLAAC (prion-like amino acid composition), C-D, PScore and E-F, CatGranule algorithms indicate prion-like features (PLAAC) and a propensity for LLPS (PScore, CatGranule) for the C-terminal region of the two human SSB homologs, hSSB1/SOSB1 and hSSB2/SOSB2. Predicted propensities are shown as red lines, while the minimum threshold values of the methods are indicated as black dashed lines on each graph. For the CatGranule method the threshold value is at y = 0; the dashed line is slightly shifted to enhance its visibility. Note that CatGranule does not provide predicted values for protein termini, resulting in its prediction curve being shorter than the SSB sequence.
